Abstract: Aiming for satisfying the requirement on quality of experience (QoE) for many important applications, we proposed a QoE-oriented WLAN which employs channel access permission control and dynamic network reconfiguration. For practical system deployment, it is important to assess the upper performance limit of the system. This letter introduces a metric "effective area throughput" (EAT): it is the area throughput summed up among the applications which achieve the throughput for satisfying their QoE requirements. This letter then derives the maximum expected EAT of the QoE-oriented WLAN based on a random sampling method. Through numerical evaluation, it is confirmed that the proposed derivation method provides a valid expected EAT for WLAN with several tens of nodes in a tractable computational complexity. It is also confirmed that the QoEoriented WLAN has potential to increase the EAT compared with the conventional WLAN.
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Introduction
With the widespread use of IEEE 802.11 wireless local area network (WLAN) [1] , a number of nodes generate a variety of application traffic flows, which sometimes cause severe network congestion. In such a case, most of applications may not work regardless of their importance, because the transmission opportunity is evenly offered to each node in IEEE 802.11 WLAN. Consequently, it provides insufficient quality of service (QoS) or quality of experience (QoE). QoE is generally calculated from several QoS factors such as throughput, delay and packet loss probability, for each application.
To overcome this problem, we have proposed a QoE-oriented WLAN [2, 3, 4] . It predicts which application can satisfy its QoE requirement by considering several factors such as the transmission data rate available at each station (STA), the offered load, packet size, priority, and current status of QoE satisfaction of each running application [5, 6] . According to the result of this prediction, it performs channel access permission control, change of associating access point (AP) of STAs, and change of operating frequency channel for avoiding overload on each channel and load balancing among basic service sets (BSSs).
From a viewpoint of system deployment, it is important to assess the upper limit of the number of operatable applications of the system. A desirable way may be to analytically predict whether or not each application can satisfy the QoE requirement by using some numerical models, e.g., models presented in [7, 8] for estimating mean opinion score (MOS). QoE is generally affected by several QoS factors such as throughput, transmission delay, and packet loss probability [8] . However, it is hard to precisely predict all factors which affect MOS in a complex network.
Therefore, we take more simple approach which is an approximative assessment of the upper performance limit of the system. We focus on throughput of running applications and consider whether or not throughput of each application can achieve satisfactory level for fulfilling its QoE requirements. This is because other QoS factors, which affect QoE such as transmission delay and packet loss probability, are expected to become good if all applications can achieve enough throughput. In this letter, we introduce a metric "effective area throughput" (EAT): it is the area throughput summed up among the applications which satisfy the throughput requirements. In the previous research [5], we have established an analytical method using Iwami's throughput estimation algorithm [9] to derive the expected EAT of the QoE-oriented WLAN without dynamic network reconfiguration.
The maximum expected EAT considering dynamic network reconfiguration can be assessed by checking all possible topology patterns, whereas the number of possible topology patterns increases exponentially as the number of nodes increases. Subsequently, it is intractable to check all patterns when a number of nodes exist. In this letter, therefore, we propose a method for deriving the maximum expected EAT using random sampling of network topology in order to assess the upper performance limit of the QoE-oriented WLAN with dynamic network reconfiguration.
The rest of this letter is organized as follows. In Sect. 2, we introduce an analytical method to derive the expected EAT. In Sect. 3, we evaluate the convergence performance. Finally, concluding remarks are given in Sect. 4.
2 Derivation of expected effective area throughput 2.1 Algorithm for network without dynamic network reconfiguration
[5] This subsection briefly introduces our developed analytical method to derive the expected EAT of the QoE-oriented WLAN without dynamic network reconfiguration. We assume that there are one target BSS for estimating EAT and several other BSSs as interference sources. The expected EAT of the target BSS is calculated as follows.
Step a-1: Initialize a set of transmission nodes S as empty, and a priority counter i as 1.
Step a-2: Add the node with the i-th high-priority into S. Here, the priority of each node is given according to a pre-determined channel access policy.
Step a-3: Estimate the throughput of each node in S by Iwami's throughput estimation algorithm [9] . This algorithm analytically estimates achievable throughput from application offered load, packet size, and transmission data rate of every node including nodes in other BSSs. It should be noted that all nodes in other BSSs or in the conventional WLAN will transmit their application data because they are uncontrollable.
Step a-4: Check the estimated throughput of each node in the target BSS whether or not it satisfies its throughput requirement to satisfy its QoE requirement. If any node in S fails to satisfy its throughput requirement, the newly added node is excluded from S.
Step a-5: Increment the counter i as i þ 1. Go back to Step a-2 if there is any node which has not already been added into S.
Step a-6: Get the sum of the estimated throughput of satisfaction nodes.
Proposed algorithm considering dynamic network reconfiguration
The maximum expected EAT considering dynamic network reconfiguration can be derived by checking all topology patterns. However, the number of topology patterns increases exponentially as the number of nodes increases. Specifically, the number of possible topology patterns is (M N Â L P LÀM ) 1 , where M is the number of APs, N is the number of STAs, L is the number of available channels, and P denotes the permutations. Thus, it is intractable to check all patterns in a complex situation. Therefore, we adopt a random sampling approach. The procedure of the proposed algorithm is the following:
Step b-1: Set the maximum expected EAT E MAX as 0.
Step b-2: Calculate the EAT E cur for a randomly determined topology.
Step b-2-1: Determine an associating AP of each STA in the proposed WLAN randomly.
Step b-2-2: Determine operating frequency channel of each BSS in the proposed WLAN randomly. Note that each BSS is assigned different and non-overlapping channel (e.g., 1, 7, 13 ch).
Step b-2-3: Determine the expected transmission data rate of each link. It is obtained from received signal strength indication (RSSI) which is calculated by transmission power and path-loss between each STA and its associating AP.
Step b-2-4: Calculate the EAT E cur;ch of each channel by the algorithm described in Sect. 2.1.
Step b-2-5: Sum up E cur;ch .
Step b-3: If E cur is larger than E MAX , update E MAX with the E cur .
Step b-4: Iterate Steps b-2 and b-3 until E MAX converges.
Convergence performance evaluation
In this section, we evaluate the convergence performance of the proposed random sampling approach to confirm the validity of this approach.
Scenario parameters
For evaluating the impact of the number of nodes on the convergence performance (the required sampling size and the processing time), we assume two scenarios with different number of nodes. We consider that there are two target BSSs (BSS 1, 2). The first scenario (Scenario 1) consists of 4 APs and 14 STAs including conventional WLANs as interference sources. The second scenario (Scenario 2) consists of 5 APs and 51 STAs. The throughput requirement is set to 98% of the offered load as in [5] . We derive the maximum expected EAT with different ten initial random seeds for evaluating the convergence performance. We also measure the processing time using a computer with an Intel® Core™2 Quad 2.66 GHz CPU and 4 GB memory. In addition, we compare the maximum expected EAT with the results of system level simulations in order to validate the converged value. The scenario configurations are shown in Table I .
Evaluation results
The evaluation results of Scenario 1 and Scenario 2 are shown in Fig. 1 . The legends "seed N" are the results of the maximum expected EAT of the proposed QoE-oriented WLAN with initial random seed N, and "SIM" show the simulation result, respectively. In this simulation, the dynamic network reconfiguration control is performed as explained in [3, 4] . As shown in the results of Scenario 1 with a small number of nodes, the maximum expected EAT of the QoE-oriented WLAN converge to the same value within 10 samples, and it well agrees with the simulation result. This is because the number of topology patterns of this scenario is not so large, and there are enough wireless resources to satisfy QoE requirements of all applications, which means that there are multiple patterns to achieve the best EAT. In this scenario, the processing time is about 1.5 seconds per sample. In Scenario 2 which has more nodes than in Scenario 1, the maximum expected EAT reaches near the exact value within around 10 samples, and converges to the same value in around 60 samples even though the number of possible topology patterns is relatively huge. This is because there are few variations in node's property (i.e., transmission data rate and application type), and the number of practical combinations is reduced. In this scenario, the processing time is about 3 seconds per sample. This result indicates that we can assess the upper performance limit of the QoE-oriented WLAN with several tens of nodes in a tractable computational complexity. Note that the derived expected value of Scenario 2 is better than the simulation result. This is because the dynamic network reconfiguration control employed in this simulation is not optimal, and it can be improved. Fig. 1 also shows the maximum expected EAT when target BSSs (BSS 1 and BSS 2) operate as the proposed WLAN and the conventional WLAN ("CONV" in this figure) . It is confirmed that the proposed QoE-oriented WLAN has potential to increase the EAT compared with the conventional WLAN.
Conclusion
In this letter, we proposed a derivation method of the maximum expected EAT based on a random sampling approach, in order to assess the upper limit of the performance of the WLAN with dynamic network reconfiguration. Through the evaluation of convergence performance, it was confirmed that the proposed deviation method provides valid expected EAT of the WLAN with several tens of nodes in a tractable computational complexity. In addition, it was confirmed that the proposed QoE-oriented WLAN can increase the EAT compared with the conventional WLAN.
Acknowledgments
This work is supported by the Ministry of Internal Affairs and Communications under a grant entitled "Research and development of dynamic and reconfigurable M2M wireless network technology." 
